Summary -Root-knot nematodes (Meloidogyne spp.) significantly impact potato production worldwide and in Brazil they are considered one of the most important group of nematodes affecting potatoes. The objectives of this study were to survey Meloidogyne spp. associated with potatoes in Brazil, determine their genetic diversity and assess the aggressiveness of M. javanica on two susceptible potato cultivars. Fifty-seven root-knot nematode populations were identified using esterase phenotyping, including Meloidogyne javanica, M. incognita, M. arenaria and M. ethiopica. Overall, root-knot nematodes were present in ca 43% of sampled sites, in which M. javanica was the most prevalent species, and the phenotypes Est J3, J2a and J2 occurred in 91.2, 6.7 and 2.1% of the positive samples, respectively. Other species, such as M. incognita, M. arenaria and M. ethiopica, were found less frequently and occurred at rates of 6.4, 4.3 and 2.1% of the samples, respectively. Sometimes, M. javanica was found in mixtures with other root-knot nematodes in ca 10.6% of sites containing Meloidogyne. After confirming the identification of 17 isolates of M. javanica and one isolate each of M. incognita, M. arenaria and M. ethiopica by SCAR markers, the populations were used to infer their genetic diversity using RAPD markers. Results revealed low intraspecifc genetic diversity among isolates (13.9%) for M. javanica. Similarly, M. javanica sub-populations (J2a) clustered together (81% of bootstrap), indicating subtle variation from typical J3 populations. The aggressiveness of four populations of M. javanica from different Brazilian states on two susceptible potato cultivars was tested under glasshouse conditions. Results indicated differences in aggressiveness among these populations and showed that potato disease was proportional to nematode reproduction factor. Keywords -intraspecific diversity, pathogenicity, root-knot nematodes, Solanum tuberosum, survey.
Potato (Solanum tuberosum L.) is one of the most common staple foods worldwide after maize, wheat and rice. In Brazil, over 170 000 ha are planted annually with potatoes, in which approximately 3 million t are produced mainly in the south and southeast regions (IBGE, 2014) . Phytosanitary problems, including nematode diseases, are one of the main constraints on potato production worldwide, and several species of plant-parasitic nematodes have been found parasitising potato, whose average losses are estimated at 12% (Barker & Koenning, 1998) . Indirect losses are also associated with tuber mal-els present during planting (Brodie et al., 1993; Charchar, 1997; Gomes & Souza, 2003; Vovlas et al., 2005; Moens et al., 2009; Wesemael et al., 2011; Jones et al., 2013; Onkendi & Moleleki, 2013) . Among the root-knot nematodes, Meloidogyne chitwoodi Golden, O'Bannon, Santo & Finley, 1980 , M. fallax Karssen, 1996 Chitwood, 1949, M. javanica (Treub) Chitwood, 1949, M. arenaria (Neal) Chitwood, 1949, and M. hapla Chitwood, 1949 are the most important (Brodie et al., 1993; Molendijk & Mulder, 1996; Charchar, 1997; Vovlas et al., 2005; Viaene et al., 2007; Onkendi & Moleleki, 2013) and have been reported affecting potatoes in several regions worldwide. In Brazil, M. incognita, M. javanica and Pratylenchus spp. are the most important nematodes associated with potato losses (Charchar, 1997; Silva et al., 2010) . Other root-knot nematodes, including M. arenaria and M. hapla, are also found in association with potato plants (Charchar, 1997; Charchar & Moita, 2001; Silva et al., 2010) .
Potato cultivars infected with Meloidogyne spp. exhibit typical symptoms, such as galling, stunting, yellowing, wilting, brown spots and rotting of tubers (Gomes & Souza, 2003; Vovlas et al., 2005) . A crucial step in implementing good management practices for these nematodes is the proper identification of species occurring at a particular site. Field surveys and nematode identification based solely on morphological characters are not appropriate since their characteristics overlap in some cases. Therefore, the characterisation of numerous nematode samples using esterase profiling, possibly combined with DNAbased detection tools, are currently more reliable and have been used successfully (Carneiro et al., 2000 Onkendi & Moleleki, 2013) .
Populations of Meloidogyne spp. may differ in the amount of infection and their ability to reproduce in different crops, measured in this paper by the reproduction factor (RF) and other parameters. Quantification of infection has been termed aggressiveness (Carpenter & Lewis, 1991) . In addition, the proper documentation of distribution, the assessment of pathogen genetic diversity and the aggressiveness of Meloidogyne spp. are important factors for choosing the most pathogenic populations of Meloidogyne spp. that best represent nematode infection in field conditions in order to screen new cultivars (Silva et al., 2014) .
The use of resistant cultivars is one of the most effective, economical and environmentally friendly ways to control nematodes; however, according to several studies (Charchar et al., 2007; Gomes, 2010; Silva et al., 2010) , most potato cultivars planted in Brazil are susceptible to Meloidogyne spp. In addition, these varieties show varying degrees of susceptibility, suggesting intraspecific genetic variation within Meloidogyne species is possibly linked to variation in aggressiveness to potato varieties. For example, previous studies have found variation within M. javanica populations infecting several crops when assessed with isozymes, cytogenetics, morphology and neutral molecular markers (Carneiro et al., 1998; Castro et al., 2003; Cofcewicz et al., 2004) . However, none of these studies focused on plant-nematode interactions, particularly Meloidogyne spp. associated with potato fields in Brazil.
Considering the importance of Meloidogyne spp. for potato production, the objectives of this study were to survey potato fields in southern Brazil for their overall occurrence, genetic diversity and the aggressiveness of M. javanica populations on two susceptible potato cultivars. This information may allow the selection of aggressive populations of Meloidogyne spp. for screening further new sources of resistance in wild potato material and improve management practices for Meloidogyne spp. associated with potato in Brazil and other regions.
Materials and methods

SAMPLING AND NEMATODE IDENTIFICATION
A total of 111 samples of roots and potato tubers were collected in a field survey for root-knot nematodes infecting potato crop throughout several counties located in the states of Rio Grande do Sul, Santa Catarina and Paraná, southern Brazil, during the potato growing seasons of 2009 to 2011. In each location/field, ten subsamples were taken from the upper 25 cm of soil systematically in a zig-zag pattern within a 1-ha area. Meloidogyne species and populations found in each locality were identified using esterase isozyme patterning of 40 single females per population in two acrylamide gels (Carneiro & Almeida, 2001 ) and species characterisation according to Carneiro et al. (1996 Carneiro et al. ( , 2000 Carneiro et al. ( , 2003 . After identification, the purified egg masses were inoculated onto tomato plants (Solanum lycopersicum cv. Santa Cruz) and the isolates maintained under glasshouse conditions (20-30°C). The overall occurrence (%) of Meloidogyne spp. associated with each sample/region was determined. 
DNA EXTRACTION AND RAPD ANALYSIS
Nematode eggs were extracted from purified isolates that reproduced in roots of tomato plants according to McClure et al. (1973) and stored at −80°C. Total genomic DNA was extracted for each isolate from ca 300 μl of concentrated eggs following a protocol described by Randig et al. (2002) . Isolated DNA was treated with Ribonuclease A (10 mg ml −1 ) (Sigma-Aldrich) and quantified in 1% agarose gel. The identity of 20 isolates used to assess their genetic diversity, including M. javanica (17 isolates), M. arenaria (1), M. incognita (1) and M. ethiopica (1) ( Fig. 1; Table 2 ), was further characterised by SCAR PCR using primer sets and PCR conditions described by Zijlstra et al. (2000) , Randig et al. (2002) and Correa et al. (2013) .
The genetic diversity of Meloidogyne spp. was assessed using RAPD markers. PCR assays were performed in a final volume of 13 μl containing 1 × PCR reaction buffer (Phoneutria Biotechnology and Services), 200 μM of each dNTP (Invitrogen), 10 μM of primer (Operon Technologies), 1 U of Taq DNA polymerase (Phoneutria Biotechnology and Services) and 9 ng of total genomic DNA from each isolate ( Fig. 1; Table 1 ). PCR amplifications were performed on a PTC-100 (MJ Research) thermal cycler with the following cycling parameters: 5 min at 94°C; 40 cycles of 30 s at 94°C, 45 s at 36°C, 2 min at 70°C and a final extension of 10 min at 70°C (Randig et al., 2002) . A total of 30 random 10-mer oligonucleotide primers were used in the experiments (Operon Technologies), i.e., primers OPA-01, OPA-04, OPA-07, OPA-12, OPA-13, OPA-14, OPAB-02, OPAB-03, OPAB-04, OPB-05, OPB-07, OPB-09, OPB-11, OPB-17, OPB-20, OPC-02, OPC-07, OPC-18, OPE-07, OPE-18, OPG-02, OPG-03, OPG-13, OPJ-20, OPK-01, OPL-19, OPM-10, OPN-20, OPP-01 and OPP-02. PCR amplified fragments were separated by electrophoresis in a 1.5% (w/v) agarose gel, stained with ethidium bromide (0.3 μg ml −1 ) and visualised under UV light. Each isolate was run in duplicates and the experiments were repeated twice. Abbreviationss: RS = Rio Grande do Sul; SC = Santa Catarina; PR = Paraná. 
PHYLOGENETIC ANALYSIS
We used RAPD screening to infer the intraspecific genetic diversity among 17 isolates of M. javanica (Est J3, J2a). One isolate each of M. incognita, M. arenaria and M. ethiopica also obtained from the same field survey (Table 2) were included in the analysis. DNA fragments consistently present between repeats were recorded as present or absent directly from the gels and considered as a binary character. DNA banding patterns were converted into a 0-1 binary matrix and phylogenetic reconstruction was performed using the Neighbour-Joining (NJ) algorithm (Saitou & Nei, 1987) in PAUP * software, version 4b10 (Swofford, 2002) , considering the data as unordered with no weighting. Node support of the generated tree was analysed based on 1000 bootstrap replicates and only values above 50% were used. (Hussey & Barker (1973) using a blender instead of manual agitation and 1% NaOCl) from pure cultures were inoculated in each pot containing a single week-old potato seedling. Each treatment (nematode × cultivar) had six replicates and the whole experiment was repeated twice under glasshouse conditions (20-30°C). Fifty-five days after inoculation, several parameters associated with nematode-plant interactions, including plant symptoms, plant growth, production and nematode reproduction, were analysed to assess the aggressiveness of M. javanica, including: i) nematode reproduction factor (RF = final population/5000); ii) number of galls (in all roots); iii) number of galls (popcorns) in an area of 1.76 cm 2 selected from three random tubers per replicate; iv) plant height (cm); v) fresh shoot weight (g); vi) tuber weight (g); and vii) root weight (g). Data on number of galls were transformed using √ x + 1 before analysis of variance. ANOVA was performed using SAS version 9.3 (Statistical Analysis System) and means were separated using Duncan test (P < 0.05). The correlation among parameters was assessed using Pearson's correlation (P < 0.05).
Results
SURVEY FOR ROOT-KNOT NEMATODE (RKN) SPECIES PARASITISING POTATOES
Of the 111 sampled sites in potato fields in southern Brazil, Meloidogyne species were found in 43% of them ( The intraspecific genetic variation within 20 isolates of Meloidogyne spp. was analysed with a total of 30 RAPD primers (Fig. 3) . The sizes of amplified fragments ranged from ca 300 to 2500 base pairs (Fig. 3) and the number of reproducible amplified fragments ranged from ca 300 to 435 ( Fig. 3; Table 3 ). Overall, there was ca 13.9% polymorphism among the 15 M. javanica J3 isolates, 5.4% in all M. javanica isolates (J3 and J2a) and ca 20-27% polymorphism between M. javanica and other RKN species (Table 3) . Reproducible fragments were recorded to build a 0-1 matrix and used to construct a neighbour-joining (NJ) tree. NJ results showed subtle intraspecific genetic variations within M. javanica isolates Table 2 . RAPD patterns were generated using primer OPC-02. M: 1 kb DNA plus ladder (Invitrogen); (-): negative control. resulting in three major sub-clusters. Overall, M. javanica populations showed a low level of genetic diversity (Fig. 4) . Interestingly, M. javanica isolates Mj16 and Mj17 (Est J2a) clustered together, even though they were obtained from different geographic regions and original hosts (Table 2) . Finally, the other species, M. incognita, M. arenaria and M. ethiopica, clustered separately from M. javanica isolates (Fig. 4) .
AGGRESSIVENESS OF M. javanica ON POTATO
CULTIVARS
Standard susceptible potato cvs Agata and BRS Clara inoculated with four populations of M. javanica from different Brazilian states (RS, PR, SC) showed severe symp- Tables 1 and 2. toms such as high number of galls (popcorns), defective growth and tuber weight (Tables 4, 5, 6; Fig. 5 ). Populations P1 (Est J3, RS), P2 (Est J3, PR) and P4 (J2a, RS) were highly aggressive, regardless of inoculated cultivars and potato responses to them when compared to Populations P1, P2 and P3 (Est J3), P4 (Est J2a); population numbers (in parentheses) represent samples from Rio Grande do Sul (RS), Paraná (PR) and Santa Catarina (SC) states (see Table 1 ). Values were transformed using the root square of (x + 1). Mean values (n = 6) with the same upper case letter within rows and lower case letter within columns were not significantly different using Duncan's test (P < 0.05). Reproduction factor = final M. javanica population/5000 (eggs + second-stage juveniles); CV = Coefficient of variation. Populations P1, P2 and P3 (Est J3), P4 (J2a): populations represent samples from Rio Grande do Sul (RS), Paraná (PR), Santa Catarina (SC) and Rio Grande do Sul states, respectively (see Table 1 ). Mean values (n = 6) with the same upper case letter within rows and lower case letter within columns were not significantly different using Duncan's test (P < 0.05). CV = Coefficient of variation. Populations P1, P2 and P3 (Est J3), P4 (J2a): populations (in parentheses) represent samples from Rio Grande do Sul (RS), Paraná (PR) and Santa Catarina (SC) states, respectively (see Table 1 ). Plant weight data represent fresh weight of shoots or roots. Mean values with different letters within rows were significantly different using Duncan's test (P < 0.05). Values within columns for both plant and root weight were not significantly different. CV = Coefficient of variation. the population P3 (Est J3, SC) tested according to number of galls (roots and tubers), reproduction factor (RF) ( Table 4) , plant height and tuber weight ( Fig. 5 ; Tables 5,  6 ). The RFs for P1, P2 and P4 were more than 80 on both cultivars, evidencing their overall aggressiveness on potato plants (Table 4 ). The populations P3 from SC state showed a RF of 8.5, ten times lower compared with populations from RS and PR states (Table 4 ). The differences in fresh shoot weight and root weight among the four populations were not statistically significant (Table 6) . Overall, the RF was highly correlated with the number of galls observed on both cultivars (Table 7) . These results indicated differences in aggressiveness among these populations and showed that potato disease was proportional to nematode reproduction factor. None of the other parameters, such as plant height, tubers, plant and root weight had a significant correlation with each other (Table 7) .
Discussion
This study demonstrated that M. javanica was the most prevalent species of Meloidogyne found infesting potato fields in southern Brazil. Although there was a slight genetic variation at the intraspecific level, overall, populations of Meloidogyne showed a low level of genetic diversity, and commercial potato cultivars normally grown throughout Brazil were highly susceptible to M. javanica as its populations showed varying levels of aggressiveness towards potato varieties. Similar observations were made by Silva (2009) , in which M. javanica was the most prevalent species associated with potatoes in Brazil, and differed slightly from Charchar (1997) , who reported M. incognita and M. javanica as the two most dominant Meloidogyne species on potato. Similar to studies reported by Charchar (1997) and Gomes & Souza (2003) , M. arenaria was found at very low frequency and M. ethiopica, reported for the first time on potato in Brazil (Medina et al., 2014) , was also detected at a low rate. This species was first detected on potato in the Mlalo region in East Africa, using perineal patterns (Whitehead, 1969) . The reactions of different potato cultivars were evaluated against M. ethiopica and all cultivars were rated as susceptible with different levels of suitability (Medina et al., 2014) .
The distribution of Meloidogyne spp. in potato fields in other regions has also been reported. For example, using multiple loci sequencing approaches such as the intergenic region (IGS), D2-D3 expansion segments within 28S rDNA and cytochrome oxidase subunit II gene (COII) of mitochondrial DNA, Onkendi & Moleleki (2013) In our study, surveyed Meloidogyne species were characterised using esterase profiling and confirmed with species-specific SCAR PCR. Esterase electrophoretic profiling is a reliable technique, simple and species-specific for most Meloidogyne, and it can be used for a large number of samples (Esbenshade & Triantaphyllou, 1985; Carneiro et al., 1996 Carneiro et al., , 2000 Carneiro et al., , 2004 . Other studies have been reported on the survey of Meloidogyne using multi loci sequencing, e.g., Onkendi & Moleleki (2013) ; however, these approaches are not routine since they involve cloning and sequencing of fragments. In addition, according to the authors, a significant portion of nematodes could not be identified using this method. Nevertheless, it is important to identify precisely and to catalogue the distribution and genetic diversity of Meloidogyne species within potato-growing areas in order to choose appropriate management practices for a particular cropping system. The low genetic diversity observed for M. javanica populations was similar to results reported previously, including isolates from different crops (Carneiro et al., 1998; Randig et al., 2002; Cofcewicz et al., 2004) and other Meloidogyne spp., e.g., M. ethiopica isolates from grapevine and kiwi from Brazil, Chile and Kenya, with only ca 22.5% diversity (Correa et al., 2013) . This finding might be explained by the parthenogenetic mode of reproduction seen in M. javanica and other Meloidogyne spp., which results in clonal progenies (Triantaphyllou, 1985) .
Depending on environmental conditions, plant materials and on nematode virulence characteristics, Meloidogyne spp. show differences in aggressiveness towards a particular plant species or cultivar. For example, this has been reported for M. arenaria on peanuts (Koenning & Barker, 1992) and Meloidogyne spp. on tobacco (Barker et al., 1981) . In our study, we observed that populations P1, P2 and P4 from RS and PR states were highly aggressive when compared with P3 from SC state on both potato cultivars tested and there was no clear correlation between nematode genetic diversity and aggressiveness. These findings are in agreement with other studies in which races and virulent isolates of Meloidogyne spp. could not be linked to polymorphisms in their genomes (Baum et al., 1994; Silva et al., 2014) . In this study the population P3 of M. javanica showed low aggressiveness and it is not recommended to be used in further screenings to select new sources of resistance in wild potato germplasms. Nonetheless, information on genetic diversity, species distribution and populations that are highly aggressive is important for future breeding programmes that lead to resistant varieties and for rational decisions on control management strategies of Meloidogyne on potato.
